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ABSTRACT

The cyclic current-step (c.c.s) apparatus has been modified to
reduce the direct current signal to less than +0.2 na, Measurements for
the ferrors-ferric, Ag-Ag(’Nﬂs)zt Ag-Agzo systems and for sn equi-
valent circuft are compared, Measurements of the oxide layer (Agzo
and AgO) resistance show an increase in the resistance witia electrode
cycling. The use of oxide layer resist.ace measurements for further
study of the> Ag-Agzo-vAgO system is diacussed,

Additional data are presented comparing the metheds of constant
current charging and potentiostsatted charging for surface area esti-
mation. Roughness factors cf 58 and 81 respectively are reported
for these two methods applied to porous sintered silver electrodes.
The height of the initial current peak as a fuaction of potential
for potentiostatted chargi~g is reported and discussed for smooth
siiver electrodes,

The effects of ultrasonic vibrations applied during various
oxidation steps have been studied., We observed the increase in
charge acceptance caused by vibrations to be the same whether the
electrode i3 expnsed during the first oxidation piateau, during the
second oxf{dation plateau, or during both oxidations plateaus. Evidence
is presented which indica-es that no permanent charge acceptance
increase results from subjecting eie.trodes to vibrations during
the first cycle only. Tension applied to a silver wire electrode
during oxidatior did not result in any change in the charge accept-

ance.
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SECTION I

KINETIC STUDIES OF THE OXIDATION OF SILVER

IN ALKALINE ELECTROLYTE

Introduction

An objective of the experimental work has been the investigation
of the possible applicability of the cyclic current-step (c.c.s.)
method to the study of the Ag-Ag,0-Ag0 system. The c.c.s. method has
interest because it deces not have the limitations of the gaivanostatic
method caused by the buildup of oxide ou the electrode surface.

In & previous reportl C.C.S. measurenents of the Ag-A320 system
270 reported. Although these result: had some similarity to those
obtained on the ferrous-ferric and Ag-Ag(NH3)2+ systems, some important
differences were noted. In this secticn further ~,c.s. stuvdies of this
system ar2 reported.

Another objective of the :xperimental woerk in this report is the
determination of the oxide film resistance as a functfion of thickness
and type of oxide, The drastic changes in the oxide layer resistance,
which occur as the reaction changes from Ag —)Agzo tc Ag,0 —) Ag0 and
the changes in the resi{stance curve which occur with electrode cycling
are of particular interest,

Changes which occur in the wave form of the osciiloscope trace
{(caused by the square wave current which is passed through the cell)

during a constant cu.rent oxidation are also reported.

Experimental

The appars‘us for the c.c.s. system is describted in a previous
ieport.a This apparatus was modified by adding a large filter capacitor,

a battery with & voltage divider, and a means for checking direct curreat



flow c.rough the cell (see Figure 1). Al. of these added compone-is
can be readily switched out of the circuit, The capacitor or the
battery makes it possibleto shift the output of the square wave
generator so that the positive signal is equal ana opposite in siga
to the regative signal. The battery can also be adjusted to decrease
the effect of assymmetry to less than 0.2 pa, The effect of these
circuit changes on the c.c.s. measurements' the Ag-Agzo system is
discussed in the Results sectiorn.

For all experiments performed in amroniacal eiectrolyte, a silver
counter-electrode was used, For all experiments in KOH electrolyt:,
a platinum foil counter-electrode was used,

A ferrous-<ferric solution 1.0 x 10-2 F in ferrous and ferric
sulfate was mede by adding thg\ferrous and ferric sulfate reagents
toal0VF H2804 solution fr;m whicn oxygen had beeu removed by

passing nitrogen through it., During the c.c.s. measurements, the

cell was kept uader a nitrogen atmosphere,

Results
Wijnen and Snithz used the ferrous-ferric system to test the
applicability of their c.c.s. (cyclic currect step) method., They
determined a vaiuve of 5.2 ma/cm? for io’ the exchange current density.
With the circuit mocifizations menticned above, our vaives of 4.2
and 4.6 nn/cu2 for 10 compare favorably, The graph oflAv1g versus
1//f 1is shown in Figure 2 whera an - [r{8") -n(8") ]G=0.5’. From

these curves b is calculated with the equaticn lo = RT x A
ng intercept

Attention is called to two parts of each curve., The linear
part from which the pertinent slope and {ntercept are determined,
is obtained at lower frequencies of the square wave current. At

higher frequencies a linear part witb s larger slope and & nagative



intercept {8 observed.

The Ag-Ag(NHy),” System

In a similar way, data were obtained for the Ag-Ag(NH3)2+ system.
The graph of 4m, versus 1//f4s shown in Figure 3. From these curves
1, is calculatad to be 0.21 : .06 ma/cmz.

The shapes of the curves in Figures 2 and 2 are quite similar,
The linear rart at low frequencies is the part which when extra-
polated, gives positive values for the intercept. At low frequencies
most of the square wave current which flows during each half cycle
is Faradaic. The part consumed in chargzing the double layer {is
small. As the frequency is increased, the part of the current which
is used to charge the doub'e layer, increases unt.l a break in the
curve is noted end the curve drops off rapidly, In this region, a
linear extrapolation will give a negative intercept., This is shown

by line AB of Figure 2.
The Ag-Agzo System

A graph ofAngversus 1/ /f for the silver electrode in KOH
solution is shown in Figure 4. <+the data points are taken at the
initial part of the Ag-AgZO oxidation without any net anodic current
flowing. This curve does not have a relatively small slope in the
low frequency range as did the curves for the ferrou:t-ferric, and silver-
ammonia systems., The steep slope over the low frequency rarge with
its resultant negative slope, does not permit zalculation of the
exchange current density, io’ with the equations or Wijnea &and Smith,
The shape of the curve in Figure 2 is closely foliowed by data ob-
tained from an 'equivalent circuit"” in which the cell is replaced
by a capacitor (750 mfd) and a resister {170%) connected ia parallel,

This similarity indicates a large capacitance associated with



the silver electrode as it is initally oxidized. Such a large
capacitance overshadows any voltage response to the diffus’on of
electroactive species ¢r to the electrochemical reaction at the

electrode,
Measurements of the Oxide Film Resistance

In a recent reporta a method was described for eliminating
iR drop from the voitige measurements of the c.c.s. method. The
method includes a bridge circuit so tnat the portion of the oscillo-
scope trace which is caused by ohmic potential drop in the cell can
be balanced out by a variable compensating resistor. Thus the cell
resistance can be read directly from the precision helipot which is
used as the compensating element in the bridge circuit, To measure
the oxide film resistance similar measurements are made during the
cuastant current oxidation and the initial resistance (caused by
the solution iR drop) is aubtracted from these measurements to give
the oxide film resistance,

The results of resistance measurements made on an electrode
during the second and fifth successive oxidation (and reduction)
cycles, are given in Figure 5B. ‘The cycling did not change the general
shape of the resistance curve but the magnitude of the oxide layer
resistance did change, This was especially noted duriug the
Agzo-—9 Ag0 plateau, A cowmparison of the maximum resistance values
measured during this plateau for a series of five cycles is m#de
below, Our values are compared with those available in the literatur&?’6’*
* Leikis and coworkers6 did not report measurements of the oxide layer

resistance during the Ag,0 ~— Ag0 plateau, Their values for the
Ag-—)AgZO plateau are about an order of magnitude greater than ours,



Number of Charging Resistancs Source

Previous Cycles time (min) Stm, Om
] 2,34 0.35 Our Work
1 3,29 0,97 Our “ork
2 3.96 1.51 Our Work
3 4,32 2.09 Our Work
4 4,58 2.14 Our Work
0 - 0.55 Ref. 5

Some inreresting changes occurred in the wavcform of the oscillo-
scope traces caused by the squarewave current, Figuie 5A shrws the
oscilloscope traces cbserved during a typical charging curve. In
aadition to the large increase aad subsequent decrease in voltages
at the time of the snift from the Ag-7A320 to the Agzo—ngO plateau,
the changes observed in the waveform of the oscilloscoie trace indicate
a large increase and subsequent decrease in ohmic resistance. The
resistance measurements shcw a 10-50 fold change in the resistance at
the beginning of the Ag20-¥AgO plateau, Because of the very rapid
change, it is difficult to obtain accurate values, It is important
to note that the rapid increase in resistance at the end of the
Ag-;AgZO plateau is fcilowed by an even mcre rapid decrease with the
onset of the Ag20—9Ag0 plateau; thus the rapid drop in resistance is
probably cans.d by the presence of very small amounts of Ag0., This
suggests that small amounts of an impurity could markedly increase or
decrease the resiestivity of the oxide film and thus have an effect
on the charging capacity and characteristics of the silver electrode.
The measurement of the changes in oxide film resistance shows promise

as a method for studying the eftect of such additives.



Future Work

The study nf the uxide layer resistance will be coutinued. The
effect of the following variables will be considered:.

1. Electrode history (cycling)

2. KOd concentration

3. Electrolyte impurities or additives (C03=, 02, Ag+)

4. Electrode additives

5. Magnitvede of the charging currept

Equivalent circuits will be devised to study the observed changes in

oscill.- scope trace waveforms.



SECTION 11

SURFACE ARFA ESTIMATION

Introduction

The magnitude of the charge acceptance of an electrode is directly
proportional to the surface area of the electrode if the layer of re-
action product is uniform. In our work two sets of experimental con-
ditions have been assumed to give a uniform depth of oxidation for
an alkalire silver electrode: (1) constant current charging and (2)
potentiostatted charging. A preliminary comparison of surface areas
determined under these conditions was presented in our previous report.7
For a sintered silver electrode, roughness factors of 63 by constant
current charging and 130 by potentiostatted charging were reported.
Some additional data showing closer agreement are reported heze.

The height of t»e initial current peak under potentiostatted
charging was also examined7 for a possible functionai relationship to
the surface area. Additional data covering a wider range of experi-

mental conditions are presented here.

Experimental

The comparison runs at comstant current chargiﬁg and potentiostatted
charging were carried out in a single electrolytic cell. This cel}l was
described i our previous repnrt.7 The runs were made at constant
temperature using electrolyte solution--all from a single preparation.
The sintered electrodes used were soaked in the electroiyte for one-half
hour before uxidation. 1he only change from one run to the next was
the change 1eeded in the el:ctronic circuitry in going from a constant
current tc a potemtiostatted oxidation.7 The electrclyte used was
0.108 KOH which had been saturated with Agzo to prevent dissolution of

the oxide film. The runs were made at 20°C.-i 0.1°C.



The peak height runs were made under the same conditions as were
the potentiostatted charging experiments. The current was measured as
the potential drop across a 100 okm standard resistrr and was recorded

on a Varian G-1lA recorder.

Pesults and Discussions
The results of experiments comparing surface area estimations by
constant current charging aand by pot-i..'ostatted charging are gisen
i Table I. From the constant current datz and the assumption that
the curreat densities are equal because the oxidation times are equal,
the effective electrolytic surface area of a sintered silver electrode

is calculated:

i
- 2 4955 pamps 2
a, 3 x 11 2.5%4 (=) x 319 yamps 40 cm

The corresponding roughness factor is

40 unz

- T el T -

From the potentiostatted data and the assumption that at equal
potentials the charge acceptances per unit area for the standard
and sicte_ed electrodes are equal, the effective electrolytic surfac.

area is calculated:

q
2 2 6570 mcoul _ 2
a, =3 x N = 2,5 (cm”) 373 mconl 61l cm
The corresponding roughness factor is
61 cm2

r. f. = = 81

0.688 cm®
The values of 58 and 81 for roughness factors of the sintered silver
electrode are closer for the “wo methods than previously reported (63, 130)]

The const:ant current method gives the lower value .in each case.



The initial cur-ent peak height was first studied far a possible
direct functional _-ciationthip to the surface area.7 It was observed}
however, that a porous sintered electrode responded much the same as
a nonvorous sheet electrode during :-he initi.l period that a specific
potential was impesed on each, A potential of 0.32 volt was selected
for those dicerminations, Tue initi2i response of smooth electrodes
to several pot itials under potentiostatted conditions has been
measured to broaden the base for comparison. These results are
presented In iable II and Figure 6, The graph has some of the same
features as .he graph of cha.;2 acceptance versus applied potertial
for potentiostatted oxildations. This was veported earlier but givemn
here as Figure 7 for comparison. In the luw potential range there
is a linear increase of current pesk heignt and tharge acceptance
with increasing potential, Both curves reach a peak value and ther
decrease somewhat with further increase in potential, At still
higher potentials, both the currént peak height and charge acceptance
increase with increasing potential. This suggests that the structural
changes introduced in the initial oxidation of the electrode determine
the extent of the charge acceptance as the pctentiostatted oxidation
proceeds.

Future Work

The study of current peak height as it compares with total charge
acceptance will be extended t. nom porous electrodes of varying
roughness and to 2 model porous electrode., We have not yet prepared a
suitable model electrode with uniform parallel potes.8 Cur effort

in this regard will continue,



SECTION III

TUE EFFECTS OF APPLIED STRESSES

ON THE OXIDATION OF SILVER

Introduction

In previous reports we have noted that electrodes which were
subjected to ultrasonic vibrations during oxidation increased in
vharge acceptance by 5 to 50 percent.1 The greatest provortion of
this increase occurred in the second oxidation plateau. 1lais report
contains the results of experiments in which vicrations were applied -
during only one of the oxidation plateaus.

It is a general observatior that the time required to reduce
an electrode at constant current is shorter than the time which had
been required to oxidize it at that current. The ruas subjected to
vibrations show an even shorter reduction time compared to oxidation
tﬁlz.l Additional study of this phenomenon is presé;ted in this
Teport,

Other experiments which were conducted to ascertain the permanence
of the increase in charge acceptance caus>d by vibrations are reported.

The study of the effect of other stresses upon the oxidation of

silver electrodes has been started and initial Jata are reported here,

Experimental

The apparatus and techniques used in making charge acceptanca
determinations of silver electrodes at constant current are discussed
in previous reports, ’

A Macrosonics Corporation Mcdel 250 FF ultrasonic generator with
a power output ot 80 watts, tuned to & frequency ef approximately

BOO Kz, was used in the experiments involving ultrasonic vibrations,

10
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We used the flat-dbottomed cell with the transducer, cell, electrode, and
other apparatus positioned as described in aur last report.1

The electrodes used were punched from 0.004 inch silver fcil which
was cleaned by scrubbing with abrasive cleanser. Reaction was limited
to one side by coating the other sfde with a clear. colorless acryl‘c
plastic spray. A current density of 620 panps/cm2 was used te oxidize
the 1,29 ce diameter circular discs punched rrom this fofl. The 0.10
N KOH electrolyte was thermostatted to 20.0°C. and was renewed after each
Tun.

Figure 8 shows the apparat:r- la use to study the effects of
tension. Water at 20.0°C. is pumped from 2 thermostatted bath through
the water jacket surrounding the cell, The cell is a cylinder 10 cm.
long with an inside diameter of 1.7 cm. At the boitom is a rubber
septum, through the center of which passes the wire electrode. In
order to position the elactrode, the wire is passed through a hole in
the center of a plug ins-vted in the top of *“e cell. A cylinder of
platinm foil 7.2 cm. long with a diameter of 1.6 cm, is fitted into
the cell, The end of this sleeve is positiuned flush with the bottom
of the cell, The level of electrolyre is maintaired just at the top
of this platinum counter electrode. The plug at the top of the ceil
contains twc capillaries., One extends douﬁ to the level of the top
of the platinum, This capillary is connected t¢ an aspirator to permit
the removal of excess eleccrolyte, thereby maintaining a reproducible
electrolyte level. This level i3 set at the top of the counter electrode to
provide uniform current distr.Lbution.7 The other capillary extends
0.05 on., :into the electrolyts ana is connected by an electrolyte bridge
to a calomel ::ference electrode.

The silver wire electrode passing through the cell is fastened at

the top to a supporting beam and at the bocttam tc a balance pan which
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contzins weights. The cell is surrounded by a water jacket which is
5 cm. in dismeter.

The silver wire electr ‘es are prepared by scrubbing with -brasive
cleanser and then etching in 6 N HNO, for 5 to 10 seconds. Inserting
the wire from the bottom through the rubber septum caused contamination
and passivation of a significant portion cof the electrode, Insertion
of the wire from the top avoids this contamination. A guide is temporarily
placed in the cell to center and support the wire as it is pushed through
the rubber septum. The guide is a length of glass capillary tubing

encased in 2 plastic cylinder 1,6 cm. in diameter. See Figure 8,

Resuits and Conclusions

The Effect of Vibrations on Charge Acceptance

increased Charge Acceptance

A series of foil electrodes was oxidized to the evolution of oxygen;
reduced, and oxidized again. Zleven of these runs were made with no
vibrations Ten were made with vibrations applied during the first
plateau of the first oxidation only. Another ten ziectrodes were
cycled with vibrations Juring the second plateau of the first oxidation
only;

Using the runs without vibrations as a standard, the average of
the runs with vibrations during the first plateau (cl) showed an 117
increase in charge acceptance. (See;TableITIL The second plateau (cz)
also showed an increase of 12%, indicating that the vibrations during
< affected the oxidation during <,y also. The total oxidation time
(c1+ cz) was therefore 122 greater than similar runs without vibrations.

The averages of the runs with vibrations during Cy showed no
significant incresse ir < (as one would expect), but showed a 127 ircrease

in ¢y. The total oxidation time (cl + °2) therefcre increased almost 127,
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The small random increases snd decreases in total oxidation time
seen in the second oxidatiun cycles are probably insignificant as they
are much less than experimental error. Thus it car be seen that there
is no permanent increase in charge acceptance found in cycles following

exposure to vibrations.

Decrease in Reduction Time

We have observed a decrease in reduction time (rl+ rz) in cycles exposed
tc vibrations, Reduction times are typically up to 107 shorter than
the preceding oxidation time (c1+ CZ) for runs not subjected to vibrations,
For runs exposed to vibrations during the entire oxidation-reduction
cycle, decreases of up to 50% have been observed.1

In our experiments using vibrations during only one step oi the
oxidation, an average decrease of 2% was observed if vibrations were
applied during Sy (about 1 minute of exposure) and a 3.5% decrease was
observe. in runs exposed to vibrations during <, (about 8 minutes of
exposure). The 21Z decrease previously reported r.sulted from cycles
exposed te vibrations for 15 to 40 minutss, .nese data suggest that
this decrease is a function of the length of time the electrode uias
'exposed to the vibrations, although wide individual deviations ~re seen.
The decrease may result from loss of active mass through dissolution or
flaking or from a lower current efficiency d.ring oxidation than during

reduction.

Sumnary

We conclude fruom our experiments with ultrasonic vibrations that the
charge acceptance of the silver electrode can be increased up to 507%
by subjecting the electrodes to vibrations during the first oxidation.
This {ncrecse cas apparently be obtaircd by exposing the electrode to

vibrations during eizher the first or second oxidatior plateaus or both,
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It appears, however, that either a loss of active mass or a lowering
of the current efficiency during oxidation occurs during this exposure.
No evidence was found to indicate that vibrations during the first cycle

cauced a permanent increase in charge accpetance in subsequent cycles.

The Effect of Tension on Charge Acceptance

Silver wire electrodes were repeatedly cycled by oxidizing to the
end of the f{irst oxidation plateau and then reducing. After 66 cycles,
no decrease in the diameter of a typical wire electrode could be measured
with a micrometer. Inspection of the electrode after oxidation showed
that the reacted aresa of wire was sharply defined by the septum at the
bottom and the electrolyte level at the top. The septum did not leak
cxcept when the wire was stretched excessively by too much weight.

Tne roughness factor and plateau length of 2 increased almost
linearly in the runs made to date. The first plateau length (cl) typically
incres-.ed 8 quarter of a minute each cycle. When the electrode was
allowed to oxidize to the evolution of oxygen, the nert oxidzcion to <
required a considerably longer time than the linear increase would
predict. Subsequeant cycling (afra: th's 'muruslly long oxidation time)

to ¢, would decrease the plateav ienzi. » il the time would fall on

i
the predicted line, Thereafter t..» ¢:.:-2 would increase normally,
Figure 9 demonstrates this observatio...

Figures 10 (a), (b), and (c) show the results of runs at three
nomiral current densities (400,800,1200 pamps/cmz) with and without
tension applied. 7Tn each figure the circled points represent runs which
were subjected to tension., The numbers above these points indicate the

number of pounds of seight used, The weights were applied during the

eatire cycle in each case, Figures 10 (a) and (b) shows no significant



effect caused by tension (unless a leveling trend is discernel after the
application of tension in Figure 10 (a)).

Figure 10 (¢) shows that the upward trend was reversed after 7.3
pounds were applied. This much weight caused noticable stretching of
the wire., At 7.8 pounds applied tension, this stretching (and downward
trend) was more pronouncced. The diameter of the wire was decreased, the
surface aresz was decreased, and a decrease in charge acceptance was
therefore to be expected. The wire broke when 8.5 pounds of_tension were
applied. Unoxidized silver wire of the same type also broke consistently

when 8.5 pounds of tension were applied.

Future Work
More data will be coliected on the effect of tension on charge
acceptance, In particular the increases which were noted subsequent to
oxidizing an electrode to the evolution of oxygen will be studied.

Information on the effect ¢f other sc~esses such as torsion and

comprassion on the oxidation of silver will be obtained.

15



TABLE I 16
Comparison of Surface Area Estimations for Sintered Silver

Electrodes Using Constaat Current Versus Potentiostatted Method,

Constant Current

Electrode Type Current Platcau Length  Average Plateau Length 7% Dev.

{ pamps) (min) (min) ()
Sintered silver 4955 9,50
electrode +
(.688 cn2 ) 4955 9.30 9.36 '1‘1 _4
4955 9.25
4955 9.40
Standard electrode 319 9.00
(glass disgs - +
> o cud) 319 9.80 9.10 = T, *o
315 9.29
.319 8.75
"Potntidstatted

Electiode Type Potential Charge Acceptanc: Ave. Chizge Acceptance 7 Dev,

(volts) (mcoul) (mcoul) _®&
Sintered silver  .3560 6595 6570 *3
electrode .
(.688 cmzf .3560 6550
.3560 6370
.3560 6575
Standard electrods .3560 281
(glass discs +
2.564 cmz) .3560 272 273 _b6
3560 270
.3560 269
Comparison for Sintered Silver Electrode
Constant Current Constant Potential
Area = 40 cm2 Area = 61 cm2

Roughness Facter = 58 Roughness Factor = 81



Potential

(volts)

.4400
.4055
.3883
.3596
.3308
.3083

4745

Current Peak Height Versus Applied Potential for

Runs at Cu «stant Potential

Peak Height

gma 2

605’
5.6,

4.7,

3.8’ :

2.5,
2.0,
6.4,
7.0,
6.7,
6.2,
6.3,
7.1,
6.8,
8.5,
7.3,

9.6,

6.7,
6.4,

5.1,

7.4,
6.6,
7.9,
7.9,

9.4,

5.1
3.7
2.6
2.2
6.3
7.0
6.7

6.0

TABLE II

Average Peak Height

(ma)

6.6
5.9
4.9
3.8
2.5
2.1
6.5
7.0
6.6
6.2
6.0
7.1
6.9
8.1
7.5

9.1

17

% Dev.
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